The published genomic sequences of the two major host-transforming Theileria species of cattle represent a rich resource of information, which has allowed novel bioinformatic and experimental studies into these important apicomplexan parasites. Since their publication in 2005, the genomes of T. annulata and T. parva have been utilised for a diverse range of applications, ranging from candidate antigen discovery to the identification of genetic markers for population analysis. This has led to advancements in the quest for a sub-unit vaccine, while providing a greater understanding of variation among parasite populations in the field. The unique ability of these Theileria species to induce host cell transformation is the subject of considerable scientific interest and the availability of full genomic sequences has also provided new insights into this area of research. This article reviews data underlying published comparative analyses, focussing on the general features of gene expression, the major Tpr/Tar multi-copy gene family and a reexamination of the predicted macroschizont secretome. Codon usage between the Theileria species is reviewed in detail, as this underpins ongoing comparative studies investigating selection at the intra-and inter-species level. The TashAT/TpshAT family of genes, conserved between T. annulata and T. parva, encodes products targeted to the host nucleus and has been implicated in contributing to the transformed bovine phenotype. Species-specific expansion and diversification at this critical locus is discussed, with reference to the availability, in the near future, of genomic datasets which are based on non-transforming Theileria species. 
In the field, their tropism for specific host leukocytes differs, with T. parva infecting T cells, whereas T. annulata invades mostly cells of myeloid origin (monocytes and macrophages). It is possible that the difference in host cell predilection may underlie differences in the pathology of the two diseases, with T cell-based East Coast Fever (ECF) caused by T. parva being more pernicious than the myeloid-based tropical theileriosis caused by T. annulata. Over and above their veterinary clinical relevance, the ability of T. annulata and T. parva to reversibly induce leukocyte transformation, recently reviewed in Heussler et al., 2006 , has also generated much interest due to potential mechanistic (epigenetic) similarities with some aspects of human cancer. In spite of the heavy economic cost caused by the two diseases in large parts of the Old World, the existing live vaccines are only delivered on a limited scale. The infection and treatment method of vaccination against ECF induces a persistent 'carrier' state (Oura et al., 2004) , although the significance of this is unclear (McKeever, 2007) .
The unique ability of these two apicomplexa to induce host cell transformation combined with the economically important disease syndromes that they induce provided the rationale for determination of the complete genome sequence of both T. parva and T. annulata and subsequent comparative analysis Gardner et al., 2005) . Mining this data set for parasite genes with the potential to modulate host cell phenotypes has been reviewed recently by .
The published genomes of T. annulata and T. parva have already been used in comparative studies and shed new light on the biology of apicomplexan parasites in general. For example, it has been
shown that across the apicomplexa, species-specific genes posses stronger bias in codon usage compared to other genes in the genome with a large number of genus or species-specific genes encoding putative surface antigens (Kuo & Kissinger, 2008) . In Theileria, surface antigen genes 4 are conserved at the genus level and distributed across chromosomes, contrasting with Plasmodium where antigen encoding genes are located in the sub-telomeres and are largely species-specific (Kuo & Kissinger, 2008) . With the advent of the published genome sequence of T. parva, it has been possible to screen the genome in silico for genes encoding a secretory signal peptide and this has facilitated a targeted approach to functional screening of T cell antigen candidates. Of the 986 predicted genes on T. parva chromosome I, a subset of 55 was predicted to encode secreted antigens. 36 of these genes were cloned and together with a series of random schizont cDNA clones, they were used in an immuno-screening approach to identify MHC I-presented antigens (Graham et al., 2007) . Comparative genomics using Theileria has also facilitated antigen discovery in other apicomplexan species. Babesia and Theileria show extensive conservation of synteny and using positional analysis, the putative orthologue of the major Theileria sporozoite surface antigen SPAG-1/p67 has been identified in B. bovis (Brayton et al., 2007) .
In addition to studies focusing on those genes encoding antigens and putatively secreted proteins, comparative analyses of non-coding regions of the genome have yielded interesting results.
T. annulata and T. parva were shown to share 99.7 % of intron positions in conserved regions of the genome, with both species being considerably more intron-rich than P. falciparum (Roy & Penny, 2006) . A further comparative study revealed that the common ancestor of Theileria and Plasmodium probably contained more introns than extant Theileria species, indicating intron-loss is outstripping intron-gain (Roy & Penny, 2007) . More importantly, a genome-wide analysis of intergenic regions of each T. annulata and T. parva identified a number of conserved motifs (Guo & Silva, 2008) . This included two putative transcription factor binding sites, thus providing candidates for experimental investigation. The availability of complete genomic sequences has also allowed the development of a new generation of genetic markers for population studies.
Using a preliminary assembly of the genome, a panel of 11 micro-satellite and 49 mini-satellite polymorphic markers was identified in T. parva (Oura et al., 2003) . These fast evolving loci were found to be distributed across all four chromosomes, predominantly in non-coding regions and   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 5 following experimental validation all were shown to be specific to T. parva. A panel of ten markers was later identified in the genome of T. annulata (Weir et al., 2007) and both marker sets have since been applied to population genetic studies (Oura et al., 2005; Weir et al., 2007) .
Here, we extend and review the comparative analysis of these two highly syntenic genomes with particular attention to general features of gene expression, the major Tpr and Tar multi-copy gene families and a re-examination of the predicted macroschizont secretome including genes encoding putative peptidases.
Codon usage in T. annulata and T. parva compared to Plasmodium Figure 1) . Correspondence analysis was performed on the coding sequences of T. annulata, allowing differentiation of genes based on codon usage. The most highly and least biased genes were identified as the 5 % of genes at either extreme of the principal axis and where RSCU for a particular codon was greater in the most biased compared to the least biased subset, a codon was identified as putatively optimal (Supplementary Table 1 ). Using this methodology, putatively optimal codons were found to be broadly similar between species, across the different bovine stages of T. annulata and within the subset of genes that comprise the T. annulata secretome (Table 2) .
Importantly, as there is no evidence of differential codon usage between each species and between life-cycle stages, meaningful comparisons can be made using these datasets for inter-species and intra-species d N d S studies. This observation supports an earlier study, which determined that elevated d N d S values are associated with predicted merozoite surface antigens . Codon usage by T. annulata is clearly not random, a common observation across the majority of eukaryotic species. It has been demonstrated in other organisms that the major factor explaining bias in codon usage between genes is the expression level of the encoded protein, with highly expressed genes using a limited subset of codons (Sharp & Matassi, 1994) . This hypothesis will be partially addressed in the near future through micro-array analysis of parasite gene expression at the mRNA level in T. annulata, although further proteomic studies will be required to test whether the effect applies at the level of translation.
A relatively high proportion of species-specific genes encode secreted products On comparing species-specific genes to those genes common between T. annulata and T. parva, a higher proportion of species-specific genes were found to encode signal peptides and this observation is reflected across each of the three life-cycle stages (Table 3 ). For genes expressed in the merozoite and/or piroplasm, a much higher proportion of species-specific genes encode transmembrane domains, many of which are Tar/Tpr genes without defined orthologues. In this study, species-specific genes are identified where a one-to-one orthologous relationship cannot be established by reciprocal BLAST analysis. In some cases, species-specific genes occur at the same locus in each species, show sequence similarity and are members of related gene families. It may be postulated that species-specific genes have largely arisen since T. annulata and T. parva diverged, whereas conserved genes were present in the common ancestor and these are more likely to be represented in other Theileria species. The finding that many species-specific genes are predicted to encode proteins that are secreted into the macroschizont-infected cell implies that through speciation, novel parasite genes have been selected, the products of which encode a signal peptide and perform their function within the host cell compartment. Of these 42 genes, four genes encode multiple trans-membrane domains and likely correspond to integral membrane proteins, including one member of the Tar family which is constitutively expressed. Twelve of the remaining 38 genes represent members of the sub-telomerically-encoded variable secreted protein (SVSP) family and with the exception of TashAT1 and TashAT3, all the other 8 genes are annotated as encoding hypothetical proteins. Interestingly, using the predictNLS algorithm (Cokol et al., 2000) , only the two TashAT genes and one SVSP gene are found to encode a nuclear localisation signal. TashAT family proteins have been implicated in controlling the host cell phenotype (Swan et al., 1999; Swan et al., 2001; Shiels et al., 2004 ) and the comparative genomics of this family is addressed later in this review. In contrast, the SVSP family has not been experimentally characterised and its function is currently unknown, although its genomic location together with its variability within each species is compatible with a role in immune evasion (Barry et al., 2003) . The postulation that species-specific genes encoding secreted/host-interacting products have been selected is supported by the relatively high level of d N d S computed for genes of this class , while novel merozoite and piroplasmexpressed products, and products of merozoite orthologous gene pairs that display high d N d S , are biased toward a trans-membrane location. However, both polypeptides secreted by the macroschizont and proteins on the surface of the merozoite/piroplasm may be more likely to be exposed to the protective immune response than other classes of proteins expressed by these stages. The resulting selection pressure in combination with gene duplication may therefore have generated gene sequences that are too divergent to be matched to orthologues by reciprocal
BLASTing. This may account for the observation that the large families of genes encoding proteins with signal peptides in the two genomes often contain members that lack an orthologue and have therefore been defined as species-specific in this study.
Shared and species-specific genes show different RNA expression profiles
In order to compare gene expression profiles of the two species, it was necessary to utilise transcriptional data generated by different techniques. In T. annulata, transcriptional profiling of the different life-cycle stages is based on ESTs that were derived from sequencing around 500bp of individually cloned stage-specific cDNAs made from merozoites, piroplasms and macroschizonts, with the largest collection of tags coming from macroschizonts . In T. parva, expression profiling was done exclusively on macroschizonts and generated by MPSS, massively 9 parallel signature sequencing, a PCR-based technique that gives short (20bp) sequence tags of very high coverage . Initially, the two data sets were compared by analysing all shared genes with both EST and MPSS sense data (n = 2216) and a correlation co-efficient of 0.234 was calculated (p = 0.000). In part, the low co-efficient value reflects the vastly different sizes of the two data sets. Transcriptional profiles of shared versus species-specific and constitutive versus stage-specific genes throughout the life-cycle were also compared ( Table 4) .
The remarkably high counts of species-specific piroplasm ESTs are largely due to the highly expressed Tar / Tpr genes without definite orthologues. For both species, a higher percentage of the common gene-set is expressed in the macroschizont compared to the species-specific gene-sets.
Moreover, T. parva-specific genes transcribed in this stage are expressed at a lower level than shared genes and, since MPSS data has been log 2 -transformed, the statistically significant difference of 5.58 versus 6.44 (p < 0.001, Mann-Whitney test) is suggestive of an almost a twofold difference in transcriptional activity.
The MPSS approach generates both sense and anti-sense data for a given gene. Anti-sense transcripts have been described for 12 % of P. falciparum genes and notably, sense and anti-sense tag counts from single loci across the transcriptome were inversely related, leading to the suggestion that anti-sense transcripts may play some negative regulatory role (Gunasekera et al., 2004) . Similarly, 14 % of T. parva genes have anti-sense transcripts . We therefore analysed the 398 genes where both signals were present, comparing sense and anti-sense levels, however no correlation was identified. We then compared gene-sets with anti-sense transcripts to those without and found the MPSS signal to be higher in the group with corresponding anti-sense data. This may suggest that in Theileria, in contrast to Plasmodia, these more highly expressed genes or networks of genes require anti-sense regulation or perhaps that anti-sense transcripts act to regulate gene expression at the level of translation. Interestingly, evidence for translational control of the gene encoding the major merozoite/piroplasm surface antigen Tams1 has been reported in the macroschizont stage (Swan et al., 2001) . 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10 To test if highly expressed genes are evolving at a higher rate than other genes in the Theileria genomes, d N d S ratios were compared to MPSS and EST scores for each gene. We found that d N d S values are inversely correlated with macroschizont expression data, whether it was MPSS (correlation co-efficient: -0.198, p < 0.001, n = 2216), or ESTs (correlation co-efficient: -0.0402, p = 0.022, n = 3250). For MPSS, the relationship is stronger and more significant, probably because of better distribution and larger dynamic range of the dataset compared with the EST collection. Therefore, with increasing d N d S , transcriptional activity decreases and this is evidence that rapidly evolving genes tend not to be as highly expressed as the more slowly evolving genes.
Consequently, the d N d S data are consistent with the previous observation that genes conserved between species have higher levels of transcription compared to specifies-specific genes. The simplest explanation for this result is that genes shared by both species are more likely to confer a conserved function that requires abundant levels of protein, although again a proteomic study would be necessary to investigate this hypothesis.
The Tpr and Tar multi-copy gene families of T. parva and T. annulata
Despite the high level of genomic synteny between the two species, a striking difference between the T. parva and T. annulata genomes is the arrangement and expression of a rapidly evolving multi-copy gene family, designated 'Tpr' in T. parva, and 'Tar' in T. annulata Gardner et al., 2005) . The organisation of Tpr is summarised in Figure 2 the T. annulata genome. In contrast, the T. parva genome has a tandem array of Tpr genes containing a minimum of 28 ORFs , although due to its complexity the entire Tpr locus has not been assembled. T. parva also contains twelve ORFs dispersed over each of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 11 four chromosomes and combining the tandemly arrayed and dispersed copies, there are 40 defined Tpr genes. One hypothesis is that both the expansion in number of the dispersed Tar copies and generation of the Tpr array has occurred post-speciation. Alternatively, it is conceivable that ancestral dispersed copies in the gene family of T. parva have been lost following speciation.
Previous sequence analysis identified three putative repeated protein segments Tpr3, Tpr2 and Tpr1 arranged in the order 3, 2, 1, from the N-to C-terminus within a region of the Tpr locus (Baylis et al., 1991) . These repeated segments contained a high concentration of trans-membrane domains (TMDs). The TMDs within the Tpr1 domain were the most conserved sections of the predicted protein when different strains were analysed, whereas divergence was observed in the regions between the TMD (Bishop et al., 1997) . Only five Tpr genes contain all three domains (Tpr3, Tpr2, and Tpr1) and 14 do not contain a Tpr2 domain; when all domains are present their orientation is always 3, 2, 1, or 2 followed by 1 when only Tpr2 and Tpr1 are present together. In contrast, in Tar genes, predicted polypeptides possessing all three domains are much more frequent, 69 of the 84 dispersed Tar genes exhibit a 3, 2, 1 domain structure (organisation of predicted Tar genes is summarised in Figure 2 , Panel 2 and Table 5 ). The presence of multiple TMDs within the Tpr and Tar predicted proteins suggest a membrane location. In addition, analysis of expression patterns has indicated that mRNAs representing dispersed Tpr genes are associated with the transcriptome of the macroschizont while genes of the tandem array are more likely to be transcribed by the intra-erythrocytic piroplasm stage transmitted to the tick (Bishop et al., 1997) .
Unusually, more than 50 % of ORFs within a tandemly arrayed section of the Tpr locus lack an inframe ATG codon within the first 50 amino acids of the ORF, suggesting an unusual expression mechanism. Clearer understanding of the observed diversity of these gene families, both between and within Theileria species, will require detailed study of the proteins they encode and a greater insight into their putative function.
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Signal peptide analysis of the T. annulata proteome Theileria parasites alter their host leukocyte's signal transduction programme and this is believed to underpin host cell transformation. One predicted mechanism is secretion of molecules into the host cell cytosol that modify leukocyte signal transduction pathways and for this reason much attention has been paid to identifying putative host-transforming factors secreted macroschizont stage of the parasite , recently reviewed in Shiels et al., 2006. Given the importance of correctly estimating the Theileria secretome, we decided to re-examine the predicted T. annulata proteome using two different algorithms -a neural network (NN) and a Hidden Markov Model (HMM), and we have summarised the results using both algorithms (Supplementary Table 2 ). Using the HMM, there are 448 proteins predicted to have a secretory signal and 198 with a signal anchor i.e. with a recognised signal peptide, but without a cleavage site; the latter have not been included in summary sheet. An additional 180 secreted proteins are identified with the NN algorithm, which are included in the summary sheet. Generally, the results of the two methods agree fairly well. We re-examined T. annulata genes annotated as coding for kinases (79) and phosphatases (28) and one that was annotated as potentially coding for both, giving 106 putative proteins in total. Two phosphatases and one kinase have a secretory signal predicted by SignalP3.0 and were predicted in our previous SignalP2.0 analysis .
Toxoplasma gondii has been shown to secrete kinases into its host cell and alter the gene expression programme (Taylor et al., 2006; Saeij et al., 2007) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 compartment of the macroschizont-infected cell could contribute to the transformed phenotype Shiels et al., 2006) . Further analysis of peptidases with signal peptides in silico, confirmed their potential to be transported across membranes.
However, unequivocal identification of peptidases predicted to be secreted into the host cell and specifically expressed by the macroschizont was not achieved. A strong prediction that an expanded family of membranebound cysteine protease genes play a role in determining the transformed phenotype is also not possible as they display elevated expression in infected cells undergoing merozoite production, a process associated with inhibition of leukocyte proliferation, or are expressed by the intraerythrocytic piroplasm stage. In contrast, re-analysis of the dataset highlighted a membrane peptidase, TA18300/Tp03_0804, that is expressed specifically by the macroschizont stage at high levels. This protein may have an important indirect role in establishment of the transformed phenotype: it is predicted to cleave signal peptides from proteins, thus allowing translocation of macroschizont secretome proteins into the host compartment.
The TashAT/TpshAT gene families
The TashAT family of genes in T. annulata encodes secreted proteins that translocate to the host nucleus and bind DNA. This gene family is clearly replicated in T. parva with evidence of eight direct orthologous gene pairs. However, the two gene families also display significant speciesspecific diversification . These findings have been confirmed by further analysis showing that synteny across four orthologous gene pairs located at either end of the cluster maintains gene order and that this extends across the intergenic regions (Figure 3 ). In contrast, genes internal to the cluster do not show the same order across species. Phylogenetic analysis of the gene families also highlights that diversification has occurred at this locus within each species. Sequences of the internal genes cluster separately forming two clades representing species-specific genes, whereas genes located at the termini show most similarity to their orthologues compared to paralogous sequences within their respective families (Figure 4 ). It would appear, therefore, that the TashAT family was condensed in the common ancestor and that it 14 has undergone significant expansion and diversification as the species diverged. Thus, genes flanking the cluster are more likely to perform a function conserved across the species while internal genes may have evolved during species diversification, including adaptation to a preferred host cell type. A predicted function for TashAT family proteins is that they act as DNA binding cofactors, which direct the expression of genes targeted by bovine transcription factors (such as AP1 and NF-kB) constitutively activated following infection of the leukocyte by both species (Oura et al., 2006) . Theileria is similar to Plasmodia, but their usage is less polarised, probably reflecting the greater AT-richness of P. falciparum coding sequences compared to Theileria.
Conclusions
• A relatively high proportion of species-specific genes encode secreted products. The finding that many species-specific proteins were predicted to be secreted into the cytosol of the macroschizont-infected leukocyte implies that during speciation of T. annulata and T. parva these genes have diversified as each species adapted to a particular biological niche. In addition, this location may promote exposure to a protective immune response resulting in pressure that allows selection of divergent forms. In both cases the pressure to diversify may have resulted in the generation of gene families undergoing rapid expansion via gene duplication, genetic recombination and diversification of amino acid sequence.
• Shared and species-specific genes show different RNA expression profiles. The distribution of expression data among genes common to T. annulata and T. parva versus speciesspecific genes showed that a lower percentage of species-specific genes are expressed in macroschizonts. Transcription profiles of conserved versus species-specific and constitutive versus stage-specific genes throughout the life-cycle also showed higher expression is associated 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 15 with more conserved genes in all parasite stages. Moreover, d N d S data suggest that conserved genes have higher levels of transcription compared to specifies-specific implying that genes shared by both species are more likely to confer a conserved function that requires abundant levels of protein.
• Anti-sense transcription. Anti-sense transcripts have been described for 12 % of P. falciparum genes and similarly, 14 % of Theileria genes have anti-sense transcripts. The group of Theileria genes with anti-sense transcripts has higher sense MPSS levels, and this could suggest that in Theileria, in contrast to Plasmodia, these more highly expressed genes / networks might require anti-sense regulation.
• • Signal peptide analysis of the T. annulata proteome. Theileria parasites alter their host leukocyte's signal transduction programme and induce cellular transformation. One predicted mechanism is via secretion of parasite-encoded kinases or phosphatases into the host cell cytosol.
Surprisingly, only two phosphatases and one kinase were predicted to have a secretory signal making them candidates worthy of future study at the functional level. Interestingly, Theileria encode a single membrane peptidase that is specifically and strongly expressed at the macroschizont stage. This protease, which is predicted to cleave signal peptides from proteins, 3 4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 16 could play an important indirect role in establishing the transformed phenotype by allowing translocation of macroschizont secretome proteins into the host compartment.
• The TashAT/TpshHN gene families. These two families have expanded and diverged, and this may have occurred during speciation of T. annulata and T. parva. Therefore, it seems likely that the family encoded by the common ancestor species comprised a significantly smaller number of genes. In regard to this postulation it will be interesting to analyse the genome of a non-transforming Theileria species to determine if an orthologous family exists and whether it is significantly condensed. The most likely function for proteins encoded by the TashAT/TpshHN families is that they operate to tailor the profile of host genes that are expressed by the infected leukocyte, possibly as cofactors to host transcription factors that are constitutively activated by the parasite. If so divergence of the TashAT/TpshHN families may explain the observed differences in genes expressed by T. annulata and T. parva infected cells (Sager et al., 1998) , even though evidence suggests that both species activate the same bovine transcription factors (Dobbelaere & Kuenzi, 2004) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 17 
Legend Table 2 .
Correspondence analysis of codon usage was performed on the coding sequences comprising six datasets -(i) the entire T. annulata genome, (ii) the entire T. parva genome, (iii) macroschizontspecific T. annulata genes, (iv) merozoite-specific T. annulata genes, (v) piroplasm-specific T. annulata genes and (vi) T. annulata genes with a signal sequence and EST expression data. Subsets of the most highly and least biased genes were identified as the 5 % of genes at either extreme of the principal axis generated in each of the six analyses. Where the RSCU for a particular codon was greater in the most biased subset (High RSCU) compared to the least biased subset (Low RSCU), a codon was identified as putatively optimal. The relative synonymous codon usage (RSCU) of synonymous codons was correlated between T. annulata and T. parva (corresponding to the data contained in Table 1 ) and between T. annulata and P. falciparum. RSCU values of T. annulata are plotted on the x-axis while those from T. parva (red) and P. falciparum (green) are on the y-axis. Linear regression lines for each of the comparisons are marked in blue, with a dotted grey line representing a perfect match, i.e. T. annulata vs T. annulata. Tar1 Tar2 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47 T. parva
T. annulata
Intergenic region between TA03115(b) and TA03110(a) in T. annulata aligned with orthologous region in T. parva (74% identity) TP01_0620 ACAGACAATGAATAAAACAACCATAATAATGACAATTAACTATAAATCGATATAAATTAATAATGAAATAAAACTAAATCAAGGCCAAAATATAGATAAATTAACGGGTAAT TA03115(b) TCAGATAATGAAGAGAA---------TAATAACAATTAAATATAAATTGAACCTAATTAATT-TAAAACAAGACT---TTAAAACAGTAATATC--TAAATTAATGTAAAAT **** ****** * ** **** ******** ******* ** ******* * *** ** *** * ** * ***** ******** * *** TAAGTGTGTAAATGTGGTTAGTTGTGAATTATAACAATTCGATGGATTAAGTCTGACTTCTTGGGGATTCTAACATATTTACAACAACACAAGCAGGTGATAATTAGAATGTATTAGTATAAT TAAAAATG-AAATGAGGTTGGTTGTGTAATTTAAAAATTTGATGAATAGAGGTTAATTTCCTCAAGATTCCAACCAATTTACAACAACACATTTAAATGATAAGAGGAAAATACTAGCATAAT *** ** ***** **** ****** * * *** **** **** ** ** * * *** * ***** *** *************** * ****** *** ** *** ***** 
Legend Figure 4.
The amino acid sequences of the sixteen genes in the TashAT family of T. annulata along with the twenty genes in the orthologous family in T. parva were aligned, clustered and used to create a tree. T. annulata genes are highlighted in red while T. parva genes are highlighted in blue. The orthologous genes corresponding to each end of the TashAT locus ( Figure A) are highlighted in a grey box. The presence of two discrete clusters of internal genes suggests that these genes are more closely related to each other within a species and have evolved independently in each species. This is supported by the fact that most internal genes do not have direct orthologues (Figure 5 ) .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Legend Supplementary Table 1.
Correspondence analysis of codon usage was performed on the entire coding sequence of T. annulata. Subsets of the most highly and least biased genes were identified as the 5 % of genes at either extreme of the principal axis generated. Where the RSCU for a particular codon was greater in the most biased subset (High RSCU) compared to the least biased subset (Low RSCU), a codon was identified as putatively optimal .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48 Codon   UUU  UUC  UUA  UUG  CUU  CUC  CUA  CUG  AUU  AUC  AUA  GUU  GUC  GUA  GUG  UCU  UCC  UCA  UCG  CCU  CCC  CCA  CCG  ACU  ACC  ACA  ACG  GCU  GCC  GCA  GCG  UAU  UAC  CAU  CAC  CAA  CAG  AAU  AAC  AAA  AAG  GAU  GAC  GAA  GAG  UGU  UGC  CGU  CGC  CGA  CGG  AGU  AGC  AGA  AGG  GGU  GGC  GGA Legend Supplementary Figure 1 The RSCU for non-synonymous codons was calculated for all genes in the T. annulata genome with EST information. The preference of particular codons is almost identical across the macroschizont (n = 736), merozoite (n = 279) and piroplasm (n = 168) stages of the life-cycle . 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 
